We study the effect of dimension-six operators of the standard model effective field theory relevant for vector-boson fusion and associated Higgs boson production at the LHC. We present predictions at the next-to-leading order accuracy in QCD that include matching to parton showers and that rely on fully automated simulations. We show the importance of the subsequent reduction of the theoretical uncertainties in improving the possible discrimination between effective field theory and standard model results and investigate the impact of including the squared contributions of the new operators given current constraints from global fits to low energy and LHC data. The difference between including and not including these formally higher order contributions was found to be significant in the associated production case, suggesting that an effective field theory interpretation of current measurements lies on the edge of its validity range.
Introduction
The LHC Run I and early Run II data have not yet put forward any strong evidence of physics beyond the standard model (SM) and limits on new states have instead been pushed to higher and higher energies. As we approach the limits of the so-called 'energy frontier', searches for deviations from SM interactions via precise measurements are becoming increasingly relevant and, indeed, perhaps represent the most likely source of evidence for new physics at the LHC. The effective field theory (EFT) extension of the SM (SMEFT), built from the SM symmetries and degrees of freedom by adding higher-dimensional operators to the SM Lagrangian is a well-defined, modelindependent parametrisation of these low energy effects of heavy new physics. It also possesses the advantage of a concrete matching procedure to map constraints from the Wilson coefficients of the SMEFT to the underlying parameters of theories beyond the SM.
The formulation of the effective Lagrangian truncated at canonical dimension six relies on the definition of a complete and non-redundant operator basis [1] [2] [3] [4] [5] [6] and should additionally include the translations among the possible choices [7] . Moreover, since it parametrises small deviations from the SM, precise theoretical predictions are required both in the SM and in the SMEFT frameworks. As the accumulated data at the LHC grows and searches become increasingly precise as well as systematics dominated, the inclusion of higher-order corrections and their implementation in Monte Carlo (MC) event generators becomes essential to gain accuracy and control said uncertainties.
These proceedings present NLO+PS (next-to-leading order plus parton-shower) accurate predictions for electroweak Higgs-boson production at the LHC i.e. Higgs boson production in association with a weak boson (VH) and via vector-boson fusion (VBF), including effects from a number of relevant SMEFT operators. In this work, based on [8] , we consider five operators affecting VH. The first goal is to provide an independent implementation of VH using the FEYNRULES [9] , NLO-CT [10] and MADGRAPH5_AMC@NLO (MG5_AMC) [11] [12] [13] [14] programs. Second, the use of this framework allows us to also provide the first predictions for VBF in the SMEFT at NLO+PS accuracy, to which the same operators contribute, thanks to the flexibility of general purpose MC event generators such as MG5_AMC. Although we only present results for a couple of benchmark scenarios motivated by global fits the EFT parameters, predictions for any scenario can be obtained with our public Universal FEYNRULES Output (UFO) model [15] using MG5_AMC.
Theoretical framework 2.1 Model description
In the EFT framework, new physics is expected to appear at a scale, Λ, large enough so that the new degrees of freedom can be integrated out. The SM Lagrangian L SM is supplemented by higher-dimensional operators, as an expansion in Λ. Truncating the series at dimension six, we focus on five specific, bosonic operators 1 , which are relevant to the VH and VBF processes, taken 
where g and g denote the coupling constants of SU (2) L and U(1) Y respectively. The Wilson coefficientsc are free parameters, T 2k are the generators of SU (2) in the fundamental representation and the Hermitian derivative operators and gauge field strength tensors are defined as in [8] . After electroweak symmetry breaking, the weak and hypercharge gauge eigenstates mix to the physical W -boson, Z-boson and the photon A. The neutral sector mixing defines the Weinberg angle, whose sine and cosine we denote asŝ W ≡ sinθ W andĉ W ≡ cosθ W , respectively. The higher-dimensional operators of Eq. (2.1) induce a modification of the gauge boson kinetic terms, including a mixing between the neutral SU(2) and hypercharge gauge bosons that can be eliminated via field redefinitions and a corresponding shift in the two gauge couplings. The net effect is a modification of the relations between the EW input parameters and the remaining internal parameters. In unitary gauge and rotating all field to the mass basis, the most general three-point interactions involving a single (physical) Higgs boson and a pair of electroweak gauge bosons at this order in canonical dimension are given by
hww W Table 2 shows the marginalised limits on the Wilson coefficients of interest from a (LO) global fit to LEP and LHC Run I data performed in Ref. [19, 20] . We use the limits to inform our two benchmark scenarios in the Wilson coefficient space. Since electroweak precision observables strongly constrain a particular linear combination of thec W andc B Wilson coefficients beyond a precision than can be hoped for at the LHC, we impose the relationc B = −c W /2, such that the EFT effects correspond to the region in parameter space for which the LHC is capable of providing complementary information.
Benchmark selection
hvv , g
hvv = 0 0.03 0 0
hvv = 0 0.03 −0.03 0.015
[−0.045, 0.075] Table 2 : Current 95% confidence level constraints on the considered effective coefficients marginalised in a global fit to LEP and LHC Run I data [19] (left). EFT benchmark points used in this study, with Λ = m W (right). We additionally setc BB =c HB = 0 for simplicity.
In benchmark A, we only switch on the O HW operator, inducing new physics contributions through both the g (1) hvv and g (2) hvv structures (see Table 1 ). With benchmark B, we additionally fixc W to an equal and opposite value which turns on solely the g (1) hvv coupling.
Results
We generate events for 13 TeV LHC collisions using the LO and NLO NNPDF2.3 set of parton densities [21] for LO and NLO simulations respectively. Events are then showered and hadronised with PYTHIA8 [22] , which is also used to decay the Higgs-boson. The Higgs branching fractions are rescaled according to predictions from EHDECAY [23] . Event reconstruction and analysis are performed with MADANALYSIS5 [24] , which uses jet algorithms implemented in FASTJET [25] . Jets are defined using the anti-k T algorithm [26] with a radius parameter of 0.4. A 9-point scale variation envelope is used to estimate theoretical uncertainties around the central scale choices of µ 0 = H T /2 and m W for the VH and VBF processes, respectively 3 .
For the VH process, we have the Higgs decay into bb and a leptonic W + decay. We impose that both b-jets and leptons have a pseudorapidity, η, and a transverse momentum, p T , satisfying |η| < 2.5 and p T > 25 GeV respectively, while non-b-tagged jets are required within |η| < 4, for the same p T requirement. We select events by demanding the presence of one lepton and two b-jets based on truth-level hadronic information. In the case of VBF, we require at least two jets with |η| < 4.5 and p T > 25 GeV, and additionally impose that the Higgs boson decays into a pair of photons with |η| < 2.5 and p T > 20 GeV. We moreover include a standard VBF selection on the invariant mass M j j > 500 GeV and pseudorapidity separation ∆η j j >3 of the pair of forward jets.
In Fig. 1 , we present the transverse momentum and pseudorapidity distributions of the bb system and the transverse mass of the charged lepton and bb systems for the VH process. In the
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EW Higgs production in SMEFT at NLO in QCD Ken Mimasu VBF case, the transverse momentum of the diphoton system and the pseudorapidity and azimuthal angular separation of the dijet system are shown. We plot in the first two subfigures the relative difference between the SM predictions both considered benchmark points A and B, δ i SM = σ i σ SM − 1. Both LO+PS and NLO+PS results are shown including scale uncertainties. In the last subfigure, we show differential K-factors defined as the NLO/LO ratio taking only the total NLO uncertainty into account. The W H process is found to be stable under radiative corrections, as expected for any process with a Drell-Yan-like topology. K-factors are relatively flat and independent of the EFT parameters. Corrections are similar for the VBF process, with the exception of mildly kinematic-dependent Kfactors for observables measuring the properties of hard jets. LO predictions do not overlap with the NLO results even after considering scale variation uncertainties. This behaviour is once again expected for processes that does not depend on α S at Born-level. All distributions strongly depend on the value of the EFT Wilson coefficients. For the adopted scenario A, significant enhancements are observed in the kinematic tails. In contrast, event rates are only rescaled by about 15%-20%
EW Higgs production in SMEFT at NLO in QCD Ken Mimasu with respect to the SM for the scenario B. This originates from the presence of only the g
hvv Lorentz structure, which is known to yield a smaller impact than that of g (2) hvv [27, 28] . We recover a mild sensitivity to this scenario in VBF, suggesting that correlating the production modes should enable the two Lorentz structures to be disentangled.
While such large enhancements can be exploited to obtain powerful constraints on the SMEFT Wilson coefficients, they do raise the question of the validity of the EFT approach at large momentum transfer [20, [29] [30] [31] . As a naive check, we made use of MG5_AMC's ability to select only interference contributions (at LO) to assess the impact of the (formally higher order) squared EFT terms given our benchmark choices. For W H, depending on the observable, these can range from 40% to 100% on the interference-only prediction for the benchmark scenario A, while they are much milder for the benchmark scenario B. This suggests that current sensitivities on this region of the Wilson coefficient parameter space may not yet lend themselves to an EFT interpretation within the validity of the framework. A reduction of the production rate from the SM value, as seen for benchmark scenario B, moreover indicates the dominance of the interference term between the SM and EFT contributions given that the squared terms are positive-definite. We observe such depletions across the board for VBF, with differences reaching at most 5%-12% for benchmark A and remaining smaller for benchmark B
Conclusions
We have presented FEYNRULES and UFO implementations of dimension-six SMEFT operators affecting electroweak Higgs-boson production, which can be used for NLO(QCD)+PS accurate Monte Carlo event generation within the MG5_AMC framework. We have showcased the implementation by simulating both associated VH and VBF Higgs-boson production at the 13 TeV LHC, selecting a pair of benchmark scenarios informed both by recent limits from global fits to the LEP and LHC Run I data and by theoretical motivations originating from integrating out certain popular ultraviolet realisations. We have found that EFT predictions and deviations from the SM are stable under higher-order corrections but still lie close to the validity limit of the EFT expansion. Overall, we have also observed a significant reduction of the theoretical errors, which would have an impact on the future measurements aiming to unravel dimension-six operator contributions. Our results exhibit an interesting complementarity of the two Higgs production channels since the interference pattern between the SM and the SMEFT contributions is quite different and benchmark-dependent.
